1. The effects of acute acid-base alterations on renal ammonia production and glutamine metabol ism were studied in anaesthetized dogs.
Introduction
Enhanced ammonia formation from glutamine represents the main renal homeostatic response to chronic acidosis in man (Pitts, 1948) , the dog (Shalhoub, Webber, Glabman, Canessa/Fischer, Klein, De Haas & Pitts, 1963) and the rat (Rector, Seldin & Copenhaver, 1955 ). An early report of a rise in urinary ammonia and a fall in urinary urea in acute acidosis in the dog (Keeton, 1921) led to the conclusion that waste nitrogen, which is normally excreted predominantly as urea, is acutely diverted to form urinary ammonia in acidosis. However, controversy exists as to whether acute acidosis does effect renal ammoniagenesis; ammonia production did not rise when the kidney of the rat was perfused with an acid medium (Hems, 1972) ; Denis, Preuss & Pitts (1964) found no change in renal ammonia production in acute acidosis in the dog, whereas others have demon strated an increase (Addae & Lotspeich, 1968; Weiss & Preuss, 1971) .
Although glutamine is the amino acid that is present in highest concentration in plasma little is known about the factors which alter plasma concentrations of glutamine in the dog. Plasma glutamine rose when acute metabolic acidosis was induced with sulphuric acid (Addae & Lotspeich, 1968) and also in three dogs with acute respiratory acidosis (Pilkington, Young & Pitts, 1970) . The administration of glutamine increases ammonia genesis in chronic acidosis (Denis et al., 1964) and in this condition there is a relationship between the amount of glutamine filtered and the amount extracted by the kidney (Lemieux, Vinay & Cartier, 1974) . However, it is doubtful if the absolute amount of glutamine presented to the renal cells can be of great physiological significance as plasma glutamine concentrations are unaltered in both chronic acidosis and alkalosis, in spite of large differences in ammonia production (Pitts, Pilkington, Leal-Pinto & MacLeod, 1972) .
We have determined the effects of acute acidbase changes on plasma glutamine and ammonia production, to examine whether the amount of glutamine delivered to the kidney is related to its subsequent metabolism in acute acidosis.
Methods
We studied mongrel dogs of either sex weighing between 13 and 22 kg. Food was withheld for 12 h before each experiment. Anaesthesia was induced by intravenous pentabarbital (0· 12 mmol/kg) and maintained by additional small doses when re quired. The animals were intubated and unless otherwise stated were ventilated with room air by a Harvard respiratory pump at approximately 5 litres/min. Minor adjustments were made initially to maintain a steady pH and Pco 2 ; once these were attained no further adjustment was made throughout the experiment.
A midline abdominal incision was made and both ureters were catheterized. A catheter was introduced into the right femoral vein and passed into the right renal vein under direct vision. The right femoral artery was also cannulated. The animals were infused with Na 2 S0 4 (0-2 mmol/l) at a rate of 5 ml/min to ensure urinary acidification and good urine volumes. Creatinine was infused (9 μιηοΐ min" 1 kg" 1 ) in order to maintain a plasma concentration of approximately 2 mmol/l for measurement of glomerular filtration rate (GFR). p-Aminohippuric acid was infused at 7-73 μιηοΐ/min to give an arterial concentration of approximately 50 ,umol/l for estimation of renal plasma flow. Immediately after surgery a bolus of 0-71 mmol of creatinine/kg and 41 ,umol of aminohippuric acid/kg was injected intravenously. At least 1 h was allowed after the surgery was completed before collections were taken.
Simultaneous arterial and renal vein samples were taken at the midpoint of 10 min urine collections. At least six collections were taken in the control period and between 8 and 12 h in the experimental period. A portion of urine was immediately acidified for ammonia determination. Blood for ammonia determination was transferred to a tube containing sodium tungstate and acidified within 30 s (McCullogh, 1967) .
Acute metabolic acidosis was produced by infusing NH 4 C1 or HC1. After the control period, when Na 2 S0 4 alone was being infused, the infusion was changed to either HC1 (0· 1 mol/1) or NH 4 C1 (0-4 mol/1) in order to give a total acid load of 5 mmol/kg over 1 h. Higher concentration of HC1 produced severe haemolysis. The infusion was then changed back to Na 2 S0 4 and after 30 min further collections were taken.
Acute respiratory acidosis was produced by ventilation with C 0 2 / 0 2 (1:9, v/v) for 1 h. Acute metabolic alkalosis was produced by infusing sodium bicarbonate (0-25 mol/1) to a total dose of 5 mmol/kg over 1 h. Isohydric elevation of plasma bicarbonate was produced by infusing NaHCOj (0-25 mol/1) at 5 ml/min for approximately 45 min, as the arterial pH was kept constant by gradually increasing the dead space in order to raise the Pco 2 . Arterial pH and Pco 2 were measured at 10 min intervals during this equilibration period. When the plasma HCO7 and blood Pco 2 reached the required values (approximately 27 mmol/l and 5-33 kPa respectively), the infusion was changed to NaHCOj (0-125 mol/1) in order to maintain these values constant.
Arterial pH and Pco 2 were measured with a Radiometer Micro Astrup assembly (Copenhagen, Denmark), HCO7 being calculated from the Henderson-Hasselbalch equation with a pK { of 6-1. Urinary ammonia was measured by the alkaline phenate method (Kaplan, 1965) , and total blood ammonia was measured as described by McCullogh (1967) . Plasma and urinary urea and creatinine were measured by Auto-analyzer and plasma and urinary aminohippurate by the Bratton 6 Marshall (1939) reaction. Plasma glutamine was determined as glutamate after glutaminase (EC 3.5.1.2) treatment (Lund, 1970) . Because of a technical fault renal vein glutamine was not measured in the experiments with NH 4 C1.
Calculations
True renal plasma flow (RPF) was calculated from the extraction and excretion of amino hippurate (Wolf, 1941) and renal blood flow (RBF) calculated from RPF and packed cell volume (PCV) by the formula RBF = RPF x 100/(100 -PCV). The quantity of ammonia added to or subtracted from blood was calculated from the product of the arteriovenous difference and renal blood flow. Renal venous ammonia (NH 3 ) was corrected for the degree of concentration occurring from removal of water in the urine by the equation: corrected NH 3 = measured NH 3 x [RBF -(urine volume/RBF)]. The total renal production of ammonia is given by the sum of urinary ammonia and that added to or subtracted from the blood. Comparisons between the control and experimental periods were made from the data obtained from each group of dogs by unpaired /-test. Differences were considered significant at the 5% level. Results are expressed as mean value ± SEM. Arterial glutamine rose with all forms of acidosis (Table 1 ). This rise occurred rapidly after the onset of acidosis and in several dogs the concentrations were continuing to rise up to 2 h later. The greatest rise occurred after NH 4 C1. Arterial glutamine also rose when the plasma bicarbonate was elevated from a control value of 16 + 0-8 to 32 ± 0-8 mmol/1 as the pH was held constant (control 7-43 + 0-01, experimental 7-44 + 0-01) by elevating the Pco 2 from a control value of 3Ό7 + 0-11 to 6-13 ± 0 1 1 kPa. Blood urea, urinary urea and the sum of urinary urea plus ammonia fell after HC1 (Table 2) . Acidosis with HC1 rather than with NH"C1 was chosen to illustrate this point as the presence of NHJ could clearly influence urea production independently of any acid-base change. Blood urea rose after NH 4 C1 from a control value of 5-6 ± 0-4 to 7-9 ± 0·4 mmol/1 (P < 0-001) with a corresponding rise in urine urea from 135 ± 10 to 190 ± 6 //mol/min (P < 0-001).
In control conditions, the urine was markedly acidic so that only small amounts of ammonia were added to renal venous blood. Urinary ammonia accounted for approximately 90% of total renal ammonia production and changed very little with the further small drop in pH induced by acidosis (Table 2) . When urinary pH rose with bicarbonate, significant amounts of ammonia were added to the renal vein (Table 3) .
With every acid-base change there was a significant fall in GFR (P < 0-05) and renal plasma flow (P < 0-05) (Table 3 ) except in metabolic alkalosis, where the grouped data showed no change in GFR. With metabolic acidosis and respiratory acidosis the rate of glutamine extraction was unchanged but when this was expressed per 
Control Acidosis
No. of observations . . 18 34 Blood urea 6-3 ± 0-2 5-6 ±0-12**** (mmol/1) Urine urea 135 ± 8 62 ± 8**** (//mol/min) Urine NHJ 21-7 ±0-6 20-35 ±1-2 (M mol/min) Urine pH 5-34 ±0-12 4-76 ±0-10**** ml of renal plasma flow there were significant increases (P < 0-005). Metabolic alkalosis and iso hydric elevation of plasma HCO7 led to decreases in total glutamine extraction and glutamine extrac tion per ml of renal plasma flow (P < 0-005). Total ammonia production was unchanged with both forms of metabolic acidosis and respiratory acidosis but fell with metabolic alkalosis and iso hydric elevation of plasma HCO7. However, when the ammonia production was related to renal plasma flow, acidosis then caused a rise, metabolic alkalosis a fall, whereas isohydric elevation of plasma HCOj produced no change. Glutamine extraction, in absolute terms, ex ceeded the filtered glutamine load in most con ditions. However, when bicarbonate was ad ministered (isohydrically or to produce metabolic alkalosis), the extraction was less than the filtered load (Table 3) .
Discussion
The marked rise in plasma glutamine with acute acid-base alterations contrast with chronic experi ments in which no such changes occur (Pitts et al.,
TABLE 3. Effects of acute acid-base change on glomerular filtration rate (GFR), renal plasma flow (RPF), glulamine extraction and ammonia production by the dog
Mean results ± SEM are shown; significance of difference from control value: *P < 0-05; **P < 0-025; ***/> < 0-005. 27-0 ±2-3 18-5 ± l-l*** 23-2 ± 1-0 19-1 ± 0 4 * 17-1 ± 1 5 7-9 ±0-4*** 28-5 ± 3-8 22-4 ± 3 -7 36-5 ±2-1 25-1 ± 2 -6 * " Production (umolmin 4-5 ± 1-5 2-1 ± 1-0 1-94 ±0-9 3-58 + 0-6 0-26 ± 1-5 -6-49 ± 10*** 0-5+1-1 -7-72 ± 1-5*** 1972). The highest glutamine concentrations were found with NH 4 C1 acidosis, supporting the obser vation that the output of glutamine from muscle rose with an ammonium load (Hills, Reid & Kerr, 1967) . The rise in plasma glutamine appears to be dependent on change of pH rather than bicarbon ate as both metabolic and respiratory acidosis have similar effects. The elevation of plasma glutamine observed when both the plasma bicarbonate and Pco 2 were elevated isohydrically is more difficult to explain. As C0 2 rapidly diffuses into cells it is possible that a mild intracellular acidosis is produced, which may cause a rise in plasma glutamine. Glutamine extraction by the kidney does not change in absolute terms when acidosis is induced so the explanation for the elevated plasma glutamine cannot be related to renal requirements, but may be related to direct or indirect pH effects on the glutamine synthetase of muscle. Acute metabolic acidosis of comparable magnitude and duration in the rat also leads to an acute increase in plasma glutamine (F. I. Bennett, A. Roobol, N.
Anderson & G. A. O. Alleyne, unpublished work).
We have also shown that acute metabolic acidosis affects plasma concentrations of urea. On the basis of early experiments (Keeton, 1921) it has been accepted (Pitts, 1964) that 'waste' nitrogen is diverted from urea formation to form urinary ammonia in acute acidosis, so that total nitrogen excretion remains the same. The haemodynamic changes of acute acidosis may diminish urea clearance, but the fall in blood urea in these circum stances must indicate that HC1 has inhibited urea formation. Leuck & Miller (1970) have demon strated that the perfused rat liver responds to a decrease in pH by reducing the synthesis of urea. Lemieux et al. (1974) have shown that when renal plasma flow is acutely reduced by arterial constriction, there are falls in glutamine extraction and ammonia production which are linearly related to the reduced renal plasma flow so that when total glutamine extraction by the kidneys is divided by renal plasma flow in order to represent glutamine extraction per unit of blood delivered to the cell, no alteration in the cellular metabolism occurs under these conditions. However, when our results are divided by renal plasma flow, acute acidosis causes increased glutamine extraction and ammoniagenesis demonstrating that acidosis causes enhan ced ability of the renal cells to extract glutamine from blood. These results do not indicate if this is a direct effect of pH, or whether acidosis produces some substance which enhances renal ammoniagenie capacity. Studies from our laboratory have shown that such a 'factor' is involved in the response to acute acidosis in the rat (Alleyne & Roobol, 1974) but its existence in the dog has not yet been proven. Metabolic alkalosis reduces ammonia production per ml of renal plasma flow, and isohydric elevation of plasma HCOj" results in no change, which might indicate that the acute changes in renal ammoniagenic capacity are mediated by a pH effect. Total renal ammoniagenesis and glutamine extraction are reduced by elevation of plasma bicarbonate either during alkalosis or with a constant pH. The lack of fall in ammoniagenesis when expressed per ml of renal plasma flow in the isohydric studies suggests that in this condition some other amino acid may increase its contribution to the renal cellular production of ammonia.
Acute acidosis did not raise total renal glutamine extraction or ammonia production. This is similar to the findings of Denis et al. (1964) but at variance with other reports (Addae & Lotspeich, 1968; Weiss & Preuss, 1971) . These discrepancies are difficult to explain but may arise from single 30 min clearance periods and the low arterial pH during the control period in several dogs (Weiss & Preuss, 1971) . Our results are similar to those of Denis et al. (1964) , where the absolute rates and time course of events are comparable.
The dog seems to be in a state of chronic compensated metabolic acidosis, in comparison with man, many workers having reported low plasma bicarbonate and Pco 2 in control dogs, regardless of anaesthesia, with values similar to ours (Denis et al, 1964; Addae & Lotspeich, 1968; Verebrants, Chazan & Garella, 1977; Bosch, Goldstein, Levitt & Kahn, 1977) . This may be due to the relatively greater proportion of protein in their diet. Correspondingly they excrete more NHJ (mmol day" 1 kg -1 body weight) than does man (Bosch et al, 1977; Burnell, Teubner & Simpson, 1974) , which may account for the difference in response to acute acidosis between the rat (Alleyne, 1970) and the dog, and also for the lack of glutaminase adaptation to acidosis in the dog (Pollak, Mattenheimer, De Bruin & Weinman, 1965) . Denis et al. (1964) have shown that the infusion of sulphate lowers urinary pH without affecting total renal ammoniagenesis or acid-base status. Urine pH falls very little further with acute acidosis (Table 3) as the presence of the fixed anion sulphate in the control period ensures maximal acidification. In our experiments respiratory acidosis was induced by breathing C0 2 /0 2 mixture whereas in the control period room air alone was breathed. It is possible that the higher inspired Po 2 may have led to some alteration in renal metabol ism, although we know of no data to support this.
Glutamine is taken up from both luminal and antiluminal sides of the renal tubular cells (Pilkington et al., 1970; Lemieux et al, 1974) . When the amount of glutamine filtered is subtrac ted from the total glutamine extracted by the kidney, the value for net peritubular uptake is obtained (Table 3 ) although the physiological significance of this derived entity is not clear. Our results show that when bicarbonate is administered, filtered glutamine exceeds that extracted. As glutamine does not appear in the urine in either acidosis or alkalosis (Pilkington et al., 1970) reabsorbed glutamine must effectively pass through the renal tubular cells to the renal venous blood. Our results demonstrate that this is affected by bicarbonate rather than pH, as it occurred with both alkalosis and also when the plasma bicarbon ate was raised isohydrically.
Ideally it would be desirable to separate the effects of acid-base changes from haemodynamic events, but so far no-one has yet succeeded in producing acute acidosis in the dog without significant falls in renal plasma flow and GFR, as we found in this study. Our results demonstrate that renal ammoniagenesis is affected by acute acid-base changes independent of either the amount of glutamine delivered to the kidney or of the renal haemodynamic alterations induced by these changes.
